Sin Nombre virus (SNV), a member of the Hantavirus genus, causes acute viral pneumonia in humans and is thought to persistently infect mice. The deer mouse, Peromyscus maniculatus, has been identified as the primary reservoir host for SNV. To understand SNV infection of P. maniculatus, we examined wild deer mice for localization of viral antigens and nucleic acid. Morphologic examination consistently revealed septal edema within lung tissue and mononuclear cell infiltrates in portal areas of the liver. Immunohistochemical analysis of SNV-infected deer mice identified viral antigens within lung, liver, kidney, and spleen. The lungs consistently presented with the highest levels of viral antigen by immunohistochemistry and with the highest levels of nucleic acid by reverse transcriptase (RT) PCR. The mononuclear cell infiltrates surrounding liver portal triads were positive for SNV antigens in addition to resident macrophages in liver sinuses. Spleen tissue contained antigens in both the red pulp and the periartereolar region of the white pulp. The kidney presented with no gross pathology, although antigens could be localized to glomeruli. Virus antigen levels within the kidney were highest in deer mice that did not have antibodies to SNV but contained viral nucleic acid detectable by RT PCR. Since transmission is thought to occur via urine, our results suggest that virus transmission may be highest in the early stages of infection. In addition, these results indicate that SNV does cause some pathology within its reservoir host.
examining laboratory-inoculated rodents found that these animals were systemically infected (18, 34) . In the reservoir for Hantaan virus, the striped field mouse (Apodemus agrarius) virus persisted up to 180 days postinfection, and antigen, not infectious virus, was detectable for 1 year after infection (18) . Lee et al. (18) found that A. agrarius contained viral antigens in many organs, including lung, liver, and kidney. In Puumala virus-infected bank voles (Clethrionomys glareolus) there was a strong correlation with virus antigen levels and the titer of the rodent immune response to the virus (8) . As the infected rodents generated an immune response, the amount of viral antigens decreased but persisted in the lung and other tissues for up to 1 year (8) . Seoul virus infections of its reservoir host, the Norway rat (Rattus norvegicus), were found to resemble those with the Hantaan and Puumala viruses (31, 34) . In these studies, the animals contained high amounts of viral antigens, particularly in the lungs, for over 1 year postinfection, with no histopathology, suggesting that these reservoir hosts were persistently infected.
Pathogenesis caused by Sin Nombre-like North American hantaviruses in rodent reservoirs has recently been reported for the New York virus in P. leucopus (19) . Ultrastructural analysis of P. leucopus organs revealed viral particles in pulmonary endothelium. Morphological findings included immune infiltrates in portal zones of the liver and edema of alveolar septa in the lungs. These findings suggested that P. leucopus may not be an asymptomatic carrier of New York virus and could serve as a model for HPS (19) .
With the recent elucidation of HPS pathology in humans (24, 35) , and lung pathology caused by New York virus in P. leucopus (19) , we were interested in determining the pathological effects of Sin Nombre virus in the deer mouse. Specifically, we wanted to determine if the virus infection resulted in a persistent, acute, or latent infection. An immunohistochemical approach was used to ascertain if SNV-infected P. maniculatus mice have pathologic features similar to HPS or are true asymptomatic reservoir hosts. Blood from wild-caught deer mice was first examined for antibodies to SNV by enzyme-linked immunosorbent assay (ELISA) and for the presence of SNV RNA by (RT) PCR. Based upon results obtained from the examination of blood, deer mice were separated into four groups for further analysis by immunohistochemistry.
MATERIALS AND METHODS
Rodents. All SNV-positive P. maniculatus mice utilized were adults caught in Nevada and California as previously described (25) . Rodents were collected by using Sherman live traps (H. B. Sherman Trap Co., Tallahassee, Fla.). Animals were removed from the traps, and a sample of blood was collected from the retroorbital sinus with a heparinized capillary tube. Mice were then sacrificed by cervical dislocation and frozen on dry ice for transport to the BSL-3 lab. Partially thawed mice were dissected, and organs were aliquoted for further analysis. For histological examination, semifrozen tissue was fixed in buffered formalin and for RT PCR, tissue was refrozen at Ϫ80°C until RNA was extracted. Negative P. maniculatus were wild caught or purchased from a colony at the University of South Carolina, Columbia.
Antibodies. Monoclonal antibody GB04-BF07 to Puumala virus nucleoprotein and cross-reactive with SNV nucleoprotein and affinity-purified mouse antinucleoprotein antibody specific for SNV were obtained from Tom Ksiazek, Centers for Disease Control and Prevention, Atlanta, Ga. Hyperimmune rabbit anti-SNV serum was also obtained from the Centers for Disease Control and Prevention.
ELISA. Detection of antihantavirus antibodies was performed as previously described (25) . Microtiter plates were coated with recombinant nucleocapsid antigen, and heat-inactivated P. maniculatus serum was added to coated wells. After incubation, anti-Peromyscus horseradish peroxidase-labeled secondary antibody was added. Plates were then incubated with substrate solution [2,2Ј-azinodi-(3-ethylbenzthiozaline-sulfonate)] (ABTS), and absorbance at 405 nm was recorded. P. maniculatus serum was considered positive if the absorbance value was greater than the mean value plus 3 standard deviations from negative control wells.
RNA isolation and RT PCR. Methods used for detection of SNV RNA were as described previously (28) . In short, RNA from blood clots and rodent organs was extracted by using an RNAid Plus kit (Bio 101, La Jolla, Calif.) and amplified with hantavirus-specific primers by nested RT PCR. Primers utilized for Ssegment amplification were forward first-round 5Ј TGTGTGTTTGGAGACCC TGG 3Ј and reverse 5Ј TC(A-G)ATAGATTGTGTATGCA 3Ј. Second-round primers were forward 5Ј ATGTCAACAAC(A-G)AGTGGGATG 3Ј and reverse 5Ј CATGGGTTATCACTTAG(G-A)TC 3Ј. This amplifies a 211-bp fragment corresponding to positions 143 to 353. Primers utilized for M-segment amplification were forward first-round 5Ј GGAATGAGCACCCTCAAAGAAGTGCA AGACAAC 3Ј and reverse 5Ј CAAGTGGGCAAACAGCTGA 3Ј. Secondround M segment primers were forward 5Ј TGGACCC(A-C)GATGA(C-T)G TTAACAA 3Ј and reverse 5Ј ACATCAAGGACATT(T-C)CCATA 3Ј. This amplifies a 280-bp fragment corresponding to positions 2689 to 2969. Products were analyzed by agarose gel electrophoresis and direct sequencing.
Immunohistochemistry. Deer mouse tissue was dissected and fixed in phosphate-buffered formalin, processed, and embedded in paraffin. Sections were cut at 5 m and mounted onto slides. The sections were deparaffinized and digested with a solution of 0.6 M Tris (pH 7.5), 0.1 mg of proteinase K per ml, and 0.1% calcium chloride. Viral antigens were localized by using a Vectastain ABC-AP kit (Vector Labs, Burlingame, Calif.) or Signets Ultra Strepavidin as per the manufacturer's protocol. Sections were blocked with 10% serum and incubated with primary antibody. The sections were then incubated with appropriate biotinylated secondary antibody. Following the addition of secondary antibody, a complex of avidin and biotinylated alkaline phosphatase (ABC-AP) was added. The final step was the addition of Vector red alkaline phosphatase substrate. Sections were then counterstained with Mayer's hematoxylin, dehydrated, and mounted with permount (Fisher Scientific). The following controls were also included in immunohistochemical examination: (i) phosphate-buffered saline in place of primary monoclonal antibody or (ii) both primary and secondary antibodies to show specificity of immune reagents. Control antibodies were purchased from Vector Labs and consisted of antibodies that were purified from the pooled sera of healthy adult animals. The purified antibodies contain a spectrum of the immunoglobulin G subclasses present in serum. Both mouse and rabbit control antibodies were utilized to ensure that staining observed with SNV antibodies was not nonspecific absorption to rodent tissue.
Microscopy. All images were visualized with a Nikon Eclipse E 800 microscope. Digital images were captured by using a Photonic Sciences charge-coupled device camera (Millham, United Kingdom) and Image Pro Plus software (Media Cybernetics, Silver Springs, Mass.). Digitized images were focused by using a sharpening algorithm provided with Image Pro Plus software.
RESULTS
To determine if SNV infection in deer mice is associated with identifiable pathologic changes and to determine the distribution of viral antigens in rodent tissues, we utilized wildcaught P. maniculatus mice. Mice were bled from the retroorbital socket of the eye and tested for SNV antibodies by ELISA and screened for SNV RNA by RT PCR (Table 1) . Based on ELISA and RT PCR results from blood, the deer mice were divided into four groups as follows: (i) uninfected rodents (ELISA negative; RT PCR negative), (ii) recently infected rodents (ELISA negative; RT PCR positive), (iii) rodents with acute infection (ELISA positive; RT PCR positive), and (iv) rodents with chronic infection (ELISA positive; RT PCR negative). Based on these serological findings, we suggest that the rodents in group 2 were recently infected because they had not yet produced an immune response to SNV, although viral RNA was present in the blood. The group 4 rodents appeared to be in a late stage of infection, since viral RNA had disappeared from the blood. After serological and RT PCR examination of the blood, 25 mice were examined for the presence of SNV RNA in organs by RT PCR and for the presence of pathology by standard histological techniques. Lung, liver, kidney, and spleen were sectioned and stained with hematoxylin and eosin for morphological examination. Figures  1A and B illustrate deer mouse lung tissue with septal edema associated with SNV infection in P. maniculatus. The lungs of most infected rodents had some alveolar septal edema, in contrast to SNV-negative P. maniculatus lungs, which did not contain any edema ( Fig. 1C and D) . Other consistent morphologic findings include immune infiltrates in portal zones of SNV-infected P. maniculatus liver ( Fig. 2A and B) . Figures 2C and D illustrate normal liver portal morphology. The spleens and kidneys of infected deer mice showed no abnormal tissue morphology compared with those of uninfected P. maniculatus mice.
To determine if the pathological morphology present in liver and lung was associated with the expression of SNV antigens, we examined P. maniculatus tissues for the presence of viral proteins. Lung was the first organ examined, because it has been shown in other hantavirus-infected rodent reservoirs to contain large amounts of viral antigens. Infected deer mice contained various levels of SNV antigens (red staining) within their lungs. Viral antigens were localized to edematous tissue, especially alveolar septa (Fig. 3B) . Some animals had SNV antigens distributed throughout the lung section, while other mice had more focal staining of antigens. Normal lung did not contain any antigen staining (Fig. 3A) .
Immunohistochemical analysis of the liver localized viral antigens to infiltrating mononuclear cells (Fig. 3C) and Kuppfer cells within liver sinuses (Fig. 3D) . In some rodents, evidence of viral antigens was found in hepatocytes (data not shown). In contrast, liver from uninfected animals contained no virus antigen or mononuclear infiltrates.
Examination of P. maniculatus spleen from infected animals revealed SNV antigens in mononuclear cells within both red and white pulp ( Fig. 3E and F) . Figure 3E shows viral antigens within mononuclear cells in the red pulp of the spleen. Figure  3F illustrates the reticular staining pattern found within the white pulp of the spleen in infected rodents. SNV-negative spleen tissue did not contain viral antigen staining (data not shown).
The kidneys of infected P. maniculatus showed no gross pathological changes compared with those of normal deer mice. Upon immunohistochemical analysis, viral antigens were found to produce focal staining to no staining in infected rodents. Group 2 rodents (ELISA negative; RT PCR positive) had the greatest amount of viral antigens. Figure 3G shows infected endothelium within a kidney glomerulus. As rodents developed an immune response to SNV, the amount of viral antigens dropped dramatically. Interestingly, a few rodents in group 4 (ELISA positive; RT PCR negative) had focal staining localized to infiltrating mononuclear cells (Fig. 3H) .
DISCUSSION
In humans, Sin Nombre virus causes a disease termed HPS (1, 5, 6, 13, 14) . Pathologic findings in humans demonstrate that SNV primarily infects endothelial cells of the microvasculature, especially in human lungs, which is likely the reason for the severe edema associated with HPS (24, 35) . The main pulmonary histopathological findings include interstitial pneumonitis, hyaline membrane formation, and mononuclear cell infiltrates (24, 35) . We were surprised that P. maniculatus mice infected with SNV had changes in tissue morphology similar to those associated with SNV infections in humans. Deer mice consistently had septal edema of lung tissue and mononuclear infiltrates surrounding hepatic portal triads. These findings are in agreement with those reported for P. leucopus mice infected with New York hantavirus (19) and have similarities with those for human pathogenesis (24, 35) . However, these results were in contrast to those for classical infections of rodents with other members of the Hantavirus genus. The major finding of previous studies, which examined infections of reservoir hosts, was that organs, including lung, liver, and kidney, contained viral antigens without the presence of detectable tissue pathology (17, 18, 31, 34) .
To correlate tissue pathology observed in P. maniculatus lungs and livers with SNV infection, immunohistochemistry was performed to localize viral antigens within various organs. Immune staining of deer mice revealed viral antigens in lung, liver, kidney, and spleen. Lungs presented with the greatest amount of viral antigens localized to alveolar septum. Lungs from mice that were ELISA and RT PCR positive invariably had the greatest amount of viral antigens and associated pathology of all rodents examined. These findings suggest that rodent reservoirs for SNV may not be asymptomatic carriers and that lung morphology may be an indication of viral infection. Although there is an excellent correlation between the presence of SNV antigens and observed edema in the lungs of infected P. maniculatus mice, we cannot rule out the possibility that mice were concurrently infected with another rodent pathogen present in their natural environment. Indeed, we found an SNV-negative rodent with pulmonary edema, suggesting that agents besides SNV can cause pulmonary manifestations in P. maniculatus mice. Although the majority of areas where we observed edema were associated with SNV antigens, we have detected SNV antigen staining in areas of the lung without edema, which could represent newly infected sites. We occasionally observed edema in SNV-infected animals which did not contain SNV antigens, suggesting that another pathogen was contributing to the edema or that inflammatory cytokines were inducing the pathology. Interestingly, we found that 1 of the 25 rodents examined (no. 13) contained only focal areas of edema and a lack of immune infiltrate around portal triads in the liver. However, this rodent was ELISA positive and contained SNV RNA in its blood, lungs, liver, and bladder. Our ability to localize viral antigens to both edematous and normal lung tissue suggests that this rodent was more recently infected than the other rodents in group 3. Overall, the amount of edema in lung tissue seemed to decrease in the rodents that no longer had detectable virus in the blood, and immunohistochemical staining revealed more focal localization of viral antigens. This finding suggests that the edema found in lung tissue is a result of acute infection with SNV and that as the persistent or chronic state develops, the septal edema is being resolved. The finding that SNV remains in lungs of infected rodents after the virus has been cleared from the blood is evidence for viral persistence in these rodents. Examination of laboratory-infected rodents (which requires a BSL-4 facility) may help to answer the question of whether direct damage to the vascular endothelium caused by SNV or host immune responses and cytokine mediators causes the edema observed in these rodents. Immune infiltrates in infected liver tissue were the secondmost-consistent pathologic finding observed in infected deer mice. Immunohistochemical analysis revealed viral antigens in infiltrating cells and suggests that SNV may become systemic by means of replication in monocytes/macrophages or lymphocytes.
Immunohistochemical examination of the spleen revealed antigens in both lymphoid (white pulp) and erythroid (red pulp) compartments. Detection of viral antigens in white and red pulp of the spleen, which contains numerous cell types, including monocytes, lymphocytes, and follicular dendritic cells, suggests that immune cells may be infected with SNV.
The organ most surprising to us was the kidney. Antigen staining in this organ was quite variable from rodent to rodent. Deer mice in group 2 (ELISA negative; RT PCR positive) contained the highest concentration of viral antigens. Only 8 of 25 rodents (32%) were RT PCR organ positive, suggesting a low overall percentage of viral nucleic acid within the kidney. The highest percentages of kidney RT PCR-positive mice were in group 2 (ELISA negative; RT PCR positive) and group 3 (ELISA positive; RT PCR positive), with 50 and 55%, respectively, in agreement with immunohistochemistry data. In contrast, in group 4 mice (ELISA positive; RT PCR negative) only 22% of the kidneys were RT PCR positive. These data suggest that P. maniculatus mice may be shedding the greatest amount of virus in urine during earlier stages of infection. Immunohistochemical analysis of group 4 mice revealed focal or no viral antigen staining, but staining was observed in circulating mononuclear cells within the kidney. These results are consistent with studies examining Hantaan and Puumala viral infections of rodent hosts (8, 17, 18) . Lee et al. (18) found that viral antigens in the kidneys of striped field mice were widely scattered and that infectious virus isolation from this organ could be accomplished only up to 45 days postinfection. Gavrilovskaya et al. (8) had similar results with Puumala virus infection in bank voles, although infectious virus could be isolated up to 13 months postinfection. In addition, Gavrilovskaya (8) found that the ability of bank voles to horizontally transmit virus to cagemates was directly correlated to level of humoral immunity. Our data are similar to those from previous studies in regard to viral antigen levels in rodents without detectable humoral immunity. We discovered that in SNV infection there was an inverse correlation between the antibody level and the amount of viral antigens present in the kidney. These results suggest that the rodent immune system is decreasing the amount of virus, thereby decreasing the quantity of infectious virus shed in excreta. This assumption, in turn, suggest that the infection rates of at-risk groups (mammalogists) are low, despite the high frequency of infection and broad geographic range of P. maniculatus mice, because deer mice secrete the highest amount of infectious virus during the early or acute stages of disease, when antibodies to SNV are absent. An additional observation of interest was that three of the four group 2 mice (ELISA negative; RT PCR positive) were juveniles as determined by the fact that their body masses were less than 12 g. (The three rodents had body masses of 11, 11, and 10.5 g.) This fact is interesting because it has been reported that hantavirus infection in rats (R. norvegicus) could be attributable to the onset of puberty and to increases in aggressive behavior (9) . These data suggest that hantavirus infection in P. maniculatus mice could also be attributable to the onset of puberty but may reflect the small sample size of this group.
These data suggest that P. maniculatus mice are persistently infected with SNV as are other hantavirus reservoir hosts. Persistence is a situation in which infectious virus is present, usually at low levels, in host cells for long periods without killing or seriously impairing the host. Studies examining Hantaan virus infection of its reservoir host, the striped field mouse, found that the virus persists in these rodents for at least 1 year (18) . Puumala virus infection in its reservoir host, the bank vole, was found to persist for up to 13 months postinfection (8) . These previous studies were performed in a controlled laboratory setting in which investigators could examine rodents for up to 1 year postinfection. We could not reproduce these studies because of the need for a BSL-4 containment facility, so wild-caught infected rodents were utilized in these studies. Therefore, we could not definitively determine when rodents became infected with SNV or whether the animals were proceeding through cycles of infection, clearance, and reinfection.
Recently, Black Creek Canal virus infection was examined in experimentally inoculated S. hispidus (15) . The investigators found that S. hispidus was persistently infected with Black Creek Canal virus and that the infection could be divided into an acute and a chronic phase. The acute phase was correlated with the highest viral titers as measured by dilution of organ lysates on Vero E6 cells, and the chronic, or persistent, stage was associated with a decrease in the amount of infectious virus in tissue homogenates (15) . Nevertheless, infectious virus was still detectable in excreta during the chronic stages of infection. Our examination of naturally acquired SNV infection in P. maniculatus fits well with the experimental results found with Black Creek Canal infection of S. hispidus. Experimental infections of P. maniculatus need to be performed in order to monitor temporal changes in viral accumulation in organs of infected animals. These experiments will clarify when infected deer mice are capable of transmitting infectious virus to naïve cagemates. Studies examining the seroprevalence of SNV antibodies in deer mice have found that seropositivity was higher in adult males, suggesting horizontal transmission among these rodents (20) . However, immunohistochemical analysis of male and female deer mice revealed no differences in antigen localization or quantity. An additional question that should be addressed is whether SNV-infected P. maniculatus dams vertically transmit virus to their offspring.
